When incubated with [1-14C]acetate and cofactors (ATP, Coenzyme A, sn-glycerol-3-phosphate, UDPgalactose, and NADH), intact chloroplasts synthesized fatty acids that were subsequently incorporated into most of the lipid classes. To study lipid synthesis at the chloroplast envelope membrane level, 14C-labeled pea (Pisum sativum) chloroplasts were subfractionated using a single flotation gradient. The different envelope membrane fractions were characterized by their density, lipid and polypeptide composition, and the localization of enzymic activities (UDPgalactose-1,2 diacylglycerol galactosyltransferase, Mg2"-dependent ATPase).
They were identified as very pure outer membranes (light fraction) and strongly enriched inner membranes (heavy fraction). A fraction of intermediate density, which probably contained double membranes, was also isolated. Labeled glycerolipids recovered in the inner envelope membrane were phosphatidic acid, phosphatidylglycerol, 1,2 diacylglycerol, and monogalactosyldiacylglycerol. Their '4C-fatty acid composition indicated that a biosynthetic pathway similar to the prokaryotic pathway present in cyanobacteria occurred in the inner membrane. In the outer membrane, phosphatidylcholine was the most labeled glycerolipid. Phosphatidic acid, phosphatidylglycerol, 1,2 diacylglycerol, and monogalactosyldiacylglycerol were also labeled. The 14C-fatty acid composition of these lipids showed a higher proportion of oleate than palmitate. This labeling, different from that of the inner membrane, could result either from transacylation activities or from a biosynthetic pathway not yet described in pea and occurring partly in the outer chloroplast envelope membrane. This metabolism would work on an oleate-rich pool of fatty acids, possibly due to the export of oleate from chloroplast toward the extrachloroplastic medium. The respective roles of each membrane for chloroplast lipid synthesis are emphasized.
For almost 20 years, a number of studies have underlined the important role of the chloroplast envelope in lipid metabolism of photosynthetic cells (8, 18) . Recently, developed 1 (12) and spinach chloroplasts (7) . These have been further used to demonstrate the localization of several enzymic activities in the membranes of both plants (1-4, 7, 13, 27, 33, 35) . The following enzymic activities dealing with lipid metabolism have been localized on the i.e.m.: (a) hydrolysis of the acyl-CoA or ACP thioesters (30, 36, 39) ; (b) acylation of 1-oleoyl-lysophosphatidic acid by palmitoyl-ACP (22) ; (c) dephosphorylation of phosphatidic acid to form DAG (23) ; (d) desaturation of oleoyl groups (42) ; (e) synthesis of glycolipids by either de novo galactosylation of DAG or transfer of galactose from one molecule of glycolipid to another (16, 44) ; and (f) synthesis of phosphatidylglycerol from phosphatidic acid with CDP-diacylglycerol as intermediate (3) . On the other hand, galactolipid-galactolipid galactosyltransferase (27) and acyl-CoA synthetase (2) activities have been evidenced in the o.e.m. In contrast with the results obtained in spinach, the de novo galactosyltransferase activity was also evidenced in o.e.m. in pea (13) . However, these enzyme activities are not solely responsible for the synthesis of all chloroplast lipids. Taking into account the specificities of the molecular species of lipids (i.e. nature of the fatty acids esterified at positions 1 and 2 of the glycerol), one can classify the chloroplast lipids into two groups. The so-called 'prokaryotic' lipids have a 1-C18-2-C16 fatty acid arrangement on carbons 1 and 2 of the glycerol, respectively. This is analogous to the structural arrangement of fatty acids in cyanobacterial lipids. PG, SQDG, and a variable proportion of MGDG, according to the plant considered, are the most representative of these prokaryotic lipids. They are entirely synthesized by the enzymes that have been localized in the i.e.m. (see above). The 'eukaryotic' lipids have a 1-C18-2-C,8 composition. This group consists of DGDG, the counter part of MGDG, and PC. Along with PC and DGDG, lipids present in the extrachloroplastic membranes (ER, mitochondria) are eukaryotic in composition. The eukaryotic lipids in chloroplasts were not found to be synthesized in chloroplasts, and it was subsequently proposed that the 1-C18-2-Cl8 backbones are imported from the ER (8).
In such a scheme, both membranes of the chloroplast enve3Abbreviations: i.e.m., inner envelope membranes; o.e.m., outer envelope membranes; ACP, acyl carrier protein; G-3-P, sn-glycerol-3-phosphate; PA, phosphatidic acid; PC, phosphatidylcholine; PG, phosphatidylglycerol; DAG, 1,2 diacylglycerol; MGDG, monogalactosyldiacylglycerol; DGDG, digalactosyldiacylglycerol; triGDG, trigalactosyldiacylglycerol; SQDG, sulfoquinovosyldiacylglycerol. 
Analysis of the Lipid Composition
Total membrane lipids were extracted according to Bligh and Dyer (6) and separated by TLC. Polar lipids were chromatographed using the solvent system: chloroform: acetone:methanol:acetic acid:water (50:20:10:10:5, v/v). Neutral lipids were chromatographed using the solvent system petroleum ether (boiling point 60-700C):diethyl ether:acetic acid (70:30:0.4, v/v). Individual lipids were located under UV light after spraying the TLC plates with 0.001% primulin. Areas containing each radioactive lipid class were located by autoradiography, and then scraped off. Lipids were eluted and radioactivity was measured by scintillation counting of aliquots and corrected for quenching.
Fatty acids from total lipids or individual lipid classes were transmethylated (10) and analyzed by GLC using a fused silica capillary column of PEG 20 M (25 m long, helium as carrier gas). Quantitation was performed using a FID detector and heptadecanoic acid as standard. Radioactive fatty acid methyl esters were prepared from each lipid class as above and analyzed either in a radiogas chromatography system (Barber Colman 500, Nuclear, Chicago) or by TLC on silver nitrate impregnated silica gel plates with the solvent system of petroleum ether (boiling point 60-700C):diethyl ether:acetic acid (70:30:0.4, v/v). These fatty acid methyl esters were located by autoradiography, scraped off the plates, and counted as above.
Electrophoresis of Membrane Polypeptides
Polypeptides were analyzed by SDS-PAGE. Electrophoresis was performed at 40C in gels containing 0.1% SDS with gradients of acrylamide from 7.5 to 15% and sucrose from 5 to 17% (11 
RESULTS

Characterization of the Membrane Fractions Isolated from the Chloroplast Envelopes
The isolation method enabled us to obtain two distinct non-green membrane fractions from pea chloroplast (Fig.  1A) . We identified band 1 as o.e.m. and band 3 as primarily i.e.m.s. This identification was based on polypeptide and lipid composition of the bands and localization of enzymic activities. It was in agreement with the data of Cline et al. (12) and Block et al. (7) . Figure 2 shows typical electrophoretic profiles of fractions 1 and 3. More than 30 polypeptides are visible. The polypeptides of 55 and 16 kD, which are abundant in both fractions, are the two subunits of Rubisco. According to Cline and Keegstra (13), the 154-and 76-kD polypeptides and the 104-, 34-, 23.6-kD polypeptides are unique to fractions 1 and 3, respectively, and the degree of cross-contamination between fractions can thus be estimated. Using this technique, we estimate that less than 5% of the proteins in fraction 1 were derived from fraction 3 membranes and about 10% of the proteins in fraction 3 were derived from fraction 1 membranes. A possible explanation for this slight overlap is the existence of zones of junction between the two envelope membranes as previously described by Cline et al. (14) . The existence of such junctions could also be the main reason for the presence of band 2 in our gradients (Fig. lA) . The density of band 2 as well as its lipid and polypeptide composition is intermediate between that of the two other envelope membrane fractions. Moreover, electron micrographs of this fraction (Fig. 1B) reveal the presence of thicker, electron-dense zones between membranes that look like the junctions or fused membrane zones observed by Cline et al. (14) . Thus, we conclude that band 2 is composed of fragments of envelope or 'double membranes' that did not separate from each other during centrifugation.
The lipid composition (Table I ) reveals a high content of glycolipids-essentially MGDG and DGDG-in the inner membrane compared to the outer one. The latter is characterized by an abundance of the phospholipid PC. The fatty acid composition (Table II) Previous reports on the localization of the UDPgalactose-1,2 diacylglycerol galactosyltransferase activity have presented conflicting data. Cline and Keegstra (13), using pea chloroplasts, have reported its occurrence in the outer membrane, whereas Block et al. (7) and Heemskerk et al. (26) have shown that in spinach chloroplasts this activity is located in the i.e.m. In both cases, the specific activities of the enzyme were corrected for the assumed cross-contamination between membrane fractions. In the present work, UDPgalactose-1,2 diacylglycerol galactosyltransferase activity is present in each membrane with specific activities that exclude the possibility that cross-contamination might be responsible for such a distribution (Table III) . Using UDPgalactose concentrations up to 400 ,AM, the apparent Km and Vmax were 167
Mm and 150 nmol/h-1 mg-', respectively, for the o.e.m., and 58 uM and 526 nmol h-' mg-', respectively, for the i.e.m. These values are close to those found for the spinach chloroplast envelope membranes (7) , but differ strongly from the outer membrane values found by Cline and Keegstra (13) in pea chloroplast envelope membranes. Although the highest specific activity was associated with the outer membrane and the activity in the inner could be accounted for by outer membrane contamination, these authors could not be certain of the absence of activity in the inner membrane (13) .
Analysis of the different galactolipids synthesized after incubation of each membrane fraction with radioactive UDPgalactose agrees with previous results (26, 27 (19) . The incorporation of radioactive acetate into lipids of whole chloroplasts and envelope membranes only is shown in Figure 3 . In chloroplasts, the incorporation increased linearly with time up to 40 min, then it decreased slightly. After 20, 40, and 60 min of incubation, 16, 29, and 34% of the initial radioactivity provided were incorporated into chloroplast lipids, respectively. The incorporation at 60 min was 149 nmol [1-4C]acetate/mg Chl. The label recovered in the inner and outer membrane lipids was 4.4 and 1.8% of the label in total chloroplast lipids after 60 min, respectively. The newly synthesized fatty acids were mainly palmitic and oleic acids. Less than 6% of the label was detected in myristic and linoleic acids.
The kinetics of incorporation of [1-14C] acetate into the fatty acids of total chloroplast and envelope membranes lipids are shown in Table IV . The ratio of oleate plus linoleate to palmitate is 4.7 for the chloroplast, 4.8 for the inner membrane, and 12.7 for the outer membrane after a 60-min incubation. The intact chloroplast and the i.e.m. have similar ratios, whereas the o.e.m. differs noticeably.
Acylation with the Newly Synthesized Fatty Acids
The label distribution in lipids of each membrane was also studied (Fig. 4) . The unesterified fatty acids were the most labeled species and accounted for 34 to 48% of the radioactivity in the total fatty acids of the o.e.m. and 18 to 25% for the i.e.m. This indicates a significant acyl-ACP thioesterase activity even if all the cofactors, particularly G-3-P, required for the glycerolipid biosynthesis were present in the incubation. Indeed, oleate accounts for more than 50% of the unesterified fatty acids (not shown). A higher amount of oleoyl-ACP than of palmitoyl-ACP and the greater specificity of the acyl-ACP thioesterase for the oleoyl-ACP (36) would be responsible for such a situation.
In the i.e.m., most glycerolipids were labeled. PA, PC, and DAG were the most radioactive lipids, but PG and MGDG also were labeled along with traces of DGDG (Fig. 4) . During the incubation, the proportion of radioactivity decreased in PA, whereas it increased in the DAG and MGDG. A slight decrease in the proportion of label was also observed in PG. In the outer membrane, the label in PC was more than 50% of the radioactivity in the glycerolipids. There was a much lower proportion of label in PA, MGDG, and PG of the outer membrane than those in the inner membrane (Fig. 4) . The distribution of in vitro synthesized fatty acids in the different lipid species (Table V) showed differences between the species in each membrane fraction. After an incubation time of 20 min with [1-14C] acetate, the PA, PG, and MGDG in the inner membrane contained about the same proportion of labeled oleate and palmitate. Even though the small size of the samples did not allow an analysis of the molecular species, this suggests that PA, PG, and MGDG are 1-C18-2-C16 species. Indeed, it is well known that the acylation of G-3-P in the chloroplast (22, 28) leads almost exclusively to the OM, Outer envelope membrane; IM, inner envelope membrane. The incorporation of labeled acetate into chloroplast lipids is described in the legend to Figure 3 . The isolation of envelope membranes after incubating chloroplasts with radioactive acetate and the purification of lipids were carried out as described in "Materials and Methods." The results are expressed as percent of label incorporated into each lipid class to the total lipid label.
1-C18-2-C16 species of PA by the intrachloroplastic pathway.
Also, desaturation of only 18-carbon fatty acids was observed, as previously described (1) . 
DISCUSSION
Identification of the Isolated Fractions
The analytical results reported above are in general agreement with most data on envelope membranes. The overlapping of the o.e.m. fraction into the i.e.m. was estimated at 10%. This fits very well with previously published data (13) . Concerning the lipid composition, the low ratios of glycolipids/phospholipids and MGDG/DGDG in o.e.m. are noticeable. They are characteristic of envelope membranes not treated with thermolysin (7). According to Dome et al. (15) , who demonstrated that PC is mostly localized on the cytosolic leaflet of the o.e.m. in spinach, some of the PC present in the i.e.m. would therefore originate from the cross-contamination of this membrane by the o.e.m. As a consequence of the higher content in glycolipids in i.e.m., this fraction is richer in linolenic acid, whereas linoleic acid is concentrated in the phospholipids of o.e.m. Enzymic activities such as those of Mg2" ATPase and acyl-CoA synthetase are also in the range of those found in other works. EM clearly shows the two types of envelope membranes, but no differences were evidenced at this level except the remarkable 'thick zones" that appeared in the intermediary fraction. Taken all together, these lipid and polypeptide compositions of individual chloroplast envelope membranes, along with the lo- calization of enzymic activities (other than the UDPgalactose-1,2 diacylglycerol galactosyltransferase), have confirmed the purity of the envelope membrane fractions isolated.
Localization of Galactolipid Synthesis
Such results that verify the quality of the purified i.e.m. and o.e.m. enable us to confirm the presence of a UDPgalactose-1,2 diacylglycerol galactosyltransferase activity in both envelope membranes of pea chloroplasts. The major activity was found in the i.e.m., as previously reported for spinach (7, 26 ), but we have also found significant activity associated with the o.e.m. (Table III) . Our findings differ from those of Cline and Keegstra (13), who found the UDPgalactose-1,2 diacylglycerol galactosyltransferase activity predominantly associated with the o.e.m. of pea chloroplasts.
Because DAG is one of the substrates for the biosynthesis of MGDG and DGDG, the present evidence for galactosyltransferase activity in each of the envelope membranes raises the question of the availability of DAG for the synthesis of chloroplast glycerolipids. Up to now, two main metabolic pathways have been proposed to provide the chloroplast with DAG (8) . The prokaryotic intrachloroplastic pathway uses the de novo synthesized fatty acids directly to form 1-C18-2-C16 glycerolipid species in the i.e.m. Meanwhile, in parallel, the eukaryotic extrachloroplastic pathway works with phospholipid molecule backbones or DAG moieties originating from the ER and consequently leads to 1-C18-2-C18 glycolipid species (21, 37 (3, 4) , who showed that the last step of PA synthesis (l-acylglycerolphosphate acyltransferase activity) and the entire synthesis of PG from PA occurred in the i.e.m. of pea chloroplast. Moreover, in our work, the absence of CTP in the reaction mixture could explain the low amount of labeled PG obtained (3, 38) . The localization of the UDPgalactose-1,2 diacylglycerol galactosyltransferase activity suggests that substrates, namely the DAG moieties, are available in this membrane. Although the phosphatidate phosphatase had a very low level of activity and produces only a small pool of DAG in pea chloroplast (23), this did not prevent a measurable synthesis of MGDG in our experiments. Finally, the equivalent proportions of labeled C16 and C18 fatty acids in PA, PG, and MGDG in the i.e.m. suggest that these lipids are 1-C18-2-C16 species.
Lipid Synthesis in o.e.m.
In the outer membrane, the situation is more puzzling. First, we observed that label accumulated in a higher proportion in oleate than palmitate. This became more evident with time, while the lipids in the i.e.m. became slightly enriched in oleate to about the same degree as was observed for the entire chloroplast. These observations correspond to the selective export of oleic acid by chloroplasts (19) . These differences between the two envelope membranes (2, 7), as compared with intact chloroplasts (19) , and several studies on enzymic activities in envelopes (30, 43) suggest that the inner membrane constitutes a selective barrier to palmitic acid between the stroma and the intermembrane space of chloroplast envelopes. Consequently, the selective export of oleate occurred through the inner membrane. The oleate-rich pool would then be available for outer membrane metabolism, either in the intermembrane space or in the extrachloroplastic medium (assuming free permeability). However, the export mechanism remains unclear. Such a selective export and the accumulation of unesterified fatty acids fit very well with the localization of the acyl-CoA thioesterase activity on the i.e.m., which would release free fatty acids into the intermembrane space from the acyl-ACP thioesters synthesized in the stroma. Additionally, it can be related to the existence of ACP isoforms in plastids (25) . Such isoforms were suggested as factors that would direct fatty acids toward different pathways. However, there is not yet any demonstration of the existence of such ACP isoforms in pea. The present study and those of Gardiner et al. (24) also show that chloroplasts of 18:3 plants such as pea, which synthesize their chloroplast lipids essentially by the extrachloroplastic pathway, synthesize high levels of unesterified fatty acids and acyl-CoA moieties and low levels of glycerolipids as compared to chloroplasts of 16:3 plants like spinach, which uses both pathways. This also fits with the evidence of an acyl-CoA synthetase activity in the o.e.m., which would provide the membrane with acyl-CoA moieties. These acyl groups would be in the same proportions as the free fatty acids arising from export (i.e. rich in oleic acid).
Second, we observed that the labeling of PC was important and occurred almost exclusively in oleic acid. Labeling of MGDG in the o.e.m. was very low when compared to the i.e.m. It is concluded from other work that the synthesis of PA and PG does not occur in the o.e.m. when isolated envelope membranes are incubated with appropriate precursors (3, 4) , and that the synthesis of PC is an extrachloroplastic process (15) . Therefore, the labeling pattem obtained under our conditions can only be attributed to either transacylation activities (40) 
